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Introduction:  The Mars Science Laboratory 
(MSL) rover Curiosity began investigating the layered 
deposits of Gale Crater, Mars, in August 2012. Among 
the many science instruments on the rover, the CheMin 
(Chemistry and Mineralogy) X-ray diffractometer 
(XRD) has been useful in definitively characterizing 
the mineralogy of samples collected by the rover [1].  
XRD data from CheMin has revealed the presence 
of clay minerals [2-5] in several drill samples, indica-
tive of aqueous conditions in Gale Crater. These min-
erals are identified mainly by the presence and posi-
tions of low-angle basal diffraction peaks produced by 
the typical 14-15 Å 001 layer spacing of 2:1 tri- and 
dioctahedral smectites. Most clay minerals identified 
by CheMin in Gale Crater are collapsed so that their 
001 diffraction is at ~10 Å, and even as low as ~9.7 Å 
as in the Oudam drill sample (Fig. 1) [2,3].  
 
Figure 1: XRD patterns of clay-bearing drill samples 
analyzed by CheMin. Most clay minerals are collapsed 
to ~10 Å but the clay mineral in Oudam is collapsed to 
~9.7 Å (red arrow). Figure adapted from [6]. 
 
On Earth, dehydration of smectite can cause the ba-
sal spacing to collapse from ~14-15 Å to ~12-13 Å or 
10 Å [7], but the clay minerals readily rehydrate (i.e., 
expand) after short exposure to humid atmosphere. 
Recent laboratory experiments have shown, however, 
that clay minerals collapse under sulfuric acid altera-
tion, 001 at ~9.7 Å, and remain collapsed even after 
being exposed to humid conditions [8,9]. Our experi-
ments constrain the nature of collapsed clay minerals 
and provide criteria for recognizing them on Mars [10]. 
Methods and Analysis:  Clay mineral samples 
from the Clay Minerals Society’s Source Clay Reposi-
tory and from Griffith Park, CA, USA, were dry 
ground and sieved to <125 μm and placed into Parr 
hydrothermal reaction vessels. Sulfuric acid (H2SO4, 
0.01 M – 1.0 M) was added and the sealed vessels 
were heated to 100°C. After 72 hrs, the vessels were 
placed into a freezer for ~1 hr until completely cooled. 
Liquid was pipetted off and the remaining solids were 
completely dried in the oven at ~95°C.  
X-ray diffraction patterns of the altered samples 
(random orientation, powdered) were obtained on a 
PANalytical X’Pert Pro MPD from 4-80° 2θ (CoKα) 
under Earth-ambient conditions. We focus on the low-
angle 001 peak indicative of the clay minerals’ inter-
layer spacing. 
Results and Discussion:  Treatment with >0.5 M 
H2SO4 transformed the clay minerals entirely into sec-
ondary phases; no 001 peaks were observed [8,9]. 
At <0.5 M acidity, XRD patterns of montmorillo-
nite (STx-1) and nontronite (NAu-1) showed that the 
intensity of the 001 peak decreased with increasing 
acid concentration (Figs. 2 and 3). The peaks’ position 
also changed, shifting to higher 2θ values (lower inter-
layer spacing), with increasing acid concentration. Alt-
hough the interlayer spacing decreased, it did not col-
lapse to less than 10 Å, as observed in CheMin data. 
 
Figure 2: XRD patterns of unaltered and acid-altered 
Al-smectite montmorillonite (STx-1). 
 
XRD patterns of acid-altered ferrian saponite (grif-
fithite) also showed a slight decrease in intensity of the 
001 peak with increasing acid concentration. There 
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was, however, no significant change in the peak’s posi-
tion indicating little to no collapse of the interlayer 
structure (Fig. 4). 
 
Figure 3: XRD patterns of unaltered and acid-altered 
Fe-smectite nontronite (NAu-1). 
 
Figure 4: XRD patterns of unaltered and acid-altered 
ferrian saponite (griffithite). Figure from [10]. 
 
The 001 peak position of acid-altered NAu-2 
nontronite is most similar to the 001 peak observed in 
the Oudam sample. Even at the lowest acid concentra-
tion, the 001 peak at 14.7 Å diminshed significantly in 
intensity and a new 001 peak appeared at ~9.7 Å (Fig. 
5). At 0.1 and 0.2 M, the original 001 peak had com-
pletely disappeared, and the intensity of the “col-
lapsed” 001 peak increased.  
Also of note is that the NAu-2 nontronite collapsed 
to 001 of ~9.7 Å, while the NAu-1 nontronite did not. 
These minerals differ in that NAu-2 contains much 
more tetrahedral Fe3+ than NAu-1 does (as much as 5% 
tetrahedral Fe3+ in NAu-2 versus 0% in NAu-1 [11]). 
Thus, crystal chemistry of clay minerals can control the 
nature of interlayer collapse. Other experiments indi-
cate that time and temperature are also contributing 
factors [10]. More analysis is needed, such as charac-
terization of the Fe via Mössbauer and reflectance 
spectroscopy, to determine the factors that lead to ex-
treme interlayer collapse in clay minerals. 
Conclusions and Implications for Mars:  Most 
clay minerals on Mars are thought to have formed un-
der near-neutral to alkaline conditions during Mars’ 
Noachian era. Our results show that, in some circum-
stances, pre-exisiting 2:1 group clay minerals may have 
been susceptible to irreversible interlayer collapse to 
<10 Å as Mars underwent a global change to more 
acidic conditions. 
 
Figure 5: XRD patterns of unaltered and acid-altered 
Fe-smectite nontronite (NAu-2). 
 
In contrast to Oudam, other smectitic clay minerals 
identified in Gale Crater (e.g. in the John Klein, Ma-
rimba, Quela, and Sebina samples) have basal spacings 
of ~10 Å, consistent with simple dehydration [7]. The 
results presented here show that acid-driven dehydra-
tion of Fe-rich nontronite is a possible mechanism that 
can account for the 9.7 Å phase in the Oudam sample. 
We note, however, alternative 9.7 Å phyllosilicates 
have been proposed as constituents of Oudam [3]. On-
going geological and mineralogical observations will 
help resolve the nature of these clay minerals.  
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